This study provides new information on the Fe uptake system capable of supporting growth of the organism. Pseudomonas ‰uorescens isolated from the rhizosphere of barley, a gramineous plant, produced a siderophore under iron-limiting conditions. Its chemical structure was identiˆed as pyochelin, on the basis of 1 H and 13 C NMR data of a stable methyl ester derivative. The same iron-limiting conditions induced a new set of outer membrane proteins (75 and 55 kDa), consistent with a siderophore-mediated iron-uptake system.
Iron (Fe) is a growth requirement for virtually all living organisms. The insolubility of Fe(III) under oxidized conditions at neutral and alkaline pH necessitates special mechanisms for iron acquisition in most organisms. Microorganisms cultured in ironlimited media secrete low-molecular-weight compounds with high a‹nities for iron (such iron chelators are called siderophores) and acquire it from their environment. [1] [2] [3] Some plants produce phytosiderophores for iron acquisition from soil under irondeˆcient conditions. 4, 5) Mugineic acids have been isolated from the roots of barley, a gramineous plant, and are important in acquiring insoluble iron from soil for optimal growth of the plant. 6) In addition, there is another possibility, that plants use microbial siderophores for iron acquisition. However, little attention has been paid to this mechanism, prompting us to screen for siderophores from soil microorganisms in the rhizosphere of barley from aˆeld in Itakura, Gunma Prefecture, Japan. This paper describes the fermentation, isolation, and physico-chemical properties of this compound and the iron-regulated proteins. The morphological, cultural, and physiological characterization of the bacterial strain that produced the siderophore was done as described in Bergey's Manual of Systematic Bacteriology, 7) the strain was identiˆed as Pseudomonas ‰uorescens.
The bacterial strain was grown for production of the siderophore in a fermentation medium containing glucose 0.4z, disodium succinate 0.4z, yeast extract 0.2z, K2HPO4 0.03z, KH2PO4 0.02z, and MgSO4 ・7H 2 O 0.02z. The fermentation was done in a 300-ml Erlenmeyer ‰ask containing 40 ml of the medium at 289 C for 4 days at 185 rpm on a rotary shaker. The amount of the siderophore production in the fermentation broth was colorimetrically measured with the Chrome-Axurol-S reagent described by Schwyn and Neilands. 8) The siderophore was puriˆed from the fermentation broth. After removal of the bacterial cells by centrifugation, the supernatant (3 liters) was adjusted to pH 2.5 with 6 N HCl and put on a column of Diaion HP-20. After the column was washed with 80z aqueous methanol, it was eluted with ethyl acetate. The active eluate was concentrated under reduced pressure, the resulting oily material was combined with silica gel, and the powder obtained was placed on a column of silica gelˆlled with n-hexane. After development with n-hexane, ethyl acetate and acetone, separately, the column was eluted with methanol and then 50z aqueous methanol. The active fractions were combined and concentrated under reduced pressure. The substance obtained was partitioned between CHCl 3 and 0.01 M HCl, and the CHCl3 layer was evaporated, giving 20 mg of an oily material.
Identiˆcation of the component as pyochelin 9) was done as follows. LC-MS of the material indicated that the molecular weight was 324. High-resolution FAB mass spectral data on the (M+H) + (calculated 325.0680; found 325.0688) showed that the molecular formula was C14H16N2O3S2. A molecular formula search in Chapman and Hall's Dictionary of Natural Products retrieved pyochelin.
10) The structure and numbering system are shown in Fig. 1 . Rinehart et al. 10) have reported that (1) pyochelin exists as an equilibrium mixture of two isomers (pyochelins I and II (2!-epimer) (3:1)); (2) pure pyochelin can not be isolated in the form of a free carboxylic acid; (3) the methyl esters are stable and can easily be puriˆed. Therefore the component was transformed into the methyl ester and the NMR data were collected. Methylation of the component with trimethylsilyldiazomethane followed by puriˆcation with preparative TLC (CHCl3-MeOH (10:1)) gave the methyl ester. The 1 H and 13 C NMR data of the methyl ester were in good agreement with those reported for pyochelin I methyl ester.
10) The signal assignments were unequivocally made by COSY, HMQC, and HMBC and are listed in Table 1 . The data caused us to revise the 13 C assignments of ester carbonyl W C-2? and C-5? W C-5!. From these experimental results, we conˆrmed that the compound was identical to pyochelin. Pyochelin was originally isolated from a pathogenic bacterium, Pseudomonas aeruginosa, and then from P. ‰uorescens. Many studies of the production and structural elucidation of pyochelin have been pursued by the use of P. aeruginosa, but few researches of P. ‰uorescens in those areas have been reported. This is theˆrst description of the production of a siderophore by a microorganism( P. ‰uorescens) from the rhizosphere of barley. The bacterial strain produced only one species of siderophore, pyochelin, in the fermentation medium.
In our study, the pyochelin production of P. ‰uorescens was reduced by addition of low concentrations of iron, and production of pyochelin was not detected when the concentration of iron in the fermentation medium reached 25 mM. On the other hand, the addition of iron (100 mM) did not aŠect the growth rate of P. ‰uorescens (Terano, unpublished data). Thisˆnding showed that pyochelin was produced in iron-limited conditions. The same ironlimited conditions induced production of a new set of outer membrane proteins. P. ‰uorescens was grown to the late log phase in the fermentation medium with or without FeCl3 added. Outer membrane proteins were prepared essentially by the method of Reid and Butler 11) and separated by SDS-polyacryl amide gel electrophoresis (PAGE). 12) Protein bands were stained with Coomassie brilliant blue. A new protein band at 75 kDa and the increased production of protein at 54 kDa were found under iron-restriction conditions and were iron-repressible proteins (Fig. 2) . The expression of these proteins seems to be involved in siderophore production and iron uptake. On the other hand, the mechanism of Fe(III)-pyochelin transport in P. aeruginosa is not understood in detail. Three iron-regulated membrane proteins have been identiˆed for pyochelin: (1) a 14 kDa ferripyochelin binding protein, 13) (2) a¿90 kDa periplasmic-space protein, 14) and (3) a 75 kDa iron-regulated outer-membrane protein, 15, 16) were detected. There are no reports on Fe(III)-pyochelin transport in P. ‰uorescens.
